Evidence from previous studies has suggested that movement execution in younger adults is accelerated in response to temporally predictable vs. unpredictable sensory stimuli. This effect indicates that external temporal information can modulate motor behavior; however, how aging can influence temporal predictive mechanisms in motor system has yet to be understood. The objective of the present study was to investigate aging effects on the initiation and inhibition of speech and hand movement reaction times in response to temporally predictable and unpredictable sensory stimuli. Fifteen younger (mean age 22.6) and fifteen older (mean age 63.8) adults performed a randomized speech vowel vocalization or button press initiation and inhibition tasks in two counterbalanced blocks in response to temporally predictable and unpredictable visual cue stimuli. Results showed that motor reaction time was accelerated in both younger and older adults for predictable vs. unpredictable stimuli during initiation and inhibition of speech and hand movement. However, older adults were significantly slower than younger adults in motor execution of speech and hand movement when stimulus timing was unpredictable. Moreover, we found that overall, motor inhibition of speech and hand was executed faster than their initiation. Our findings suggest that older adults can compensate age-related decline in motor reaction times by incorporating external temporal information and execute faster movement in response to predictable stimuli, whereas unpredictable temporal information cannot counteract aging effects efficiently and lead to less accurate motor timing predictive codes for speech production and hand movement.
Introduction
Temporal information processing is a fundamentally important function of the human nervous system, which enables us to process sensory stimuli and generate motor responses with high temporal precision. Beside our nervous system's ability to generate temporally precise and accurate movements in our limb motor system [1] [2] [3] [4] [5] [6] , studies have shown that temporal aspects of sensory stimuli can also enhance motor timing responses during speech production [5] [6] [7] . Converging evidence from these studies indicates that temporally predictable sensory stimuli can accelerate response time for movement initiation [1] [2] [3] [4] [5] [6] 8] and inhibition [6, 9, 10] compared to unpredictable stimuli. It has been suggested that the motor system itself can extract temporal information from sensory stimuli [11, 12] and thus facilitate temporal processing of movement initiation and inhibition response time during speech production [5] [6] [7] and hand movement [2, 3, 5, 6, 13, 14] .
However, studies regarding temporal mechanisms in the motor system have focused primarily on younger adults [1, 5, 6, [8] [9] [10] [13] [14] [15] [16] [17] and it remains elusive how aging can affect temporal aspects of movement initiation and inhibition in response to temporally predictable and unpredictable sensory stimuli.
The aim of the present study is to examine how aging can affect motor response reaction time for initiation and inhibition of speech and hand movement when sensory stimulus timing is predictable or unpredictable. In what follows, we will provide a general overview of how temporal aspects of sensory stimuli can modulate movement initiation and 1 3 inhibition of speech and hand movement in younger adults and will review the findings of studies that examined aging effects on the mechanisms of movement reaction time. We will finally conclude with discussing our novel approach to address questions on how temporal aspects of sensory stimuli can modulate speech and hand motor behavior in older adults and what predictions were established in the present study.
Temporal aspects of movement initiation and inhibition
The temporal processing of movement has been examined using motor reaction time tasks during which subjects were required to press a button [1-3, 5, 6, 13, 14, 16, 17] or produce a speech sound [5] [6] [7] . Reaction time has been considered as a behavioral index of information processing [18] and has been used to address how temporal information can modulate movement response times [4-6, 8, 9, 15, 19] .
Some studies have manipulated inter-stimulus intervals (ISI) to examine temporal mechanisms in the motor system [16, 20, 21] . These studies have revealed that fixed ISIs can accelerate hand movement initiation compared with variable ISIs, suggesting that the motor system is able to use past timing information to establish temporal predictions in response preparation for future movement. Other studies have used the well-established foreperiod (FP) paradigm to examine temporal mechanisms in the motor system [1, 2, 9, 13, 14] . The FP task involves a warning signal that appears on the screen, followed by an interval before the imperative signal with predictable (fixed) or unpredictable (variable) timing [2] . From an information processing perspective, FP provides a mechanism for temporal preparation for the upcoming imperative signal. Studies demonstrated that during short FPs, a predictable interval between warning and imperative signals can accelerate hand movement initiation response times compared to unpredictable FPs [14, 22] . The faster reaction time for fixed FPs indicates that temporally predictable information can enhance the preparatory phase of movement initiation compared to unpredictable intervals.
In contrast to movement initiation, few studies have examined the effect of temporal aspects of sensory stimuli on movement inhibition reaction time [6, 9, 10] . While some studies have found that movement inhibition is not sensitive to the predictability of sensory stimuli [15, 23] , others indicated that temporally predictable sensory stimuli can accelerate movement inhibition compared to unpredictable stimuli [6, 9, 10] .
Nevertheless, it is relatively unclear whether temporal processing of movement initiation and inhibition share common mechanisms. A recent study showed that movement initiation reaction time was positively correlated with movement inhibition reaction time in response to both temporally predictable and unpredictable sensory stimuli [6] , and the correlation was stronger when timing information was predictable. These findings suggest that even though movement initiation and inhibition may be driven by distinct functional mechanisms in the brain, they may share common mechanisms for temporal information processing.
Effects of temporal predictability on speech and hand movement reaction time
Temporal aspects of sensory stimuli can modulate response time for both speech production and hand movement, but it is still unclear if these modalities share common temporal mechanisms. Previous studies have demonstrated interaction between speech production and hand movement at both neural [24] [25] [26] [27] [28] and behavioral levels [6] . Although most studies on temporal aspects of movement initiation and inhibition have focused on hand movement [3, 8-10, 14, 16, 17, 20] , a few studies have examined these mechanisms during speech production [5] [6] [7] . Similar to effects observed during hand movements, faster reaction times were registered in response to temporally predictable vs. unpredictable sensory stimuli during speech initiation [5, 6] and inhibition [6] . Moreover, motor reaction times for initiation and inhibition of hand movement were positively correlated with speech initiation and inhibition, suggesting that speech production and hand movements share common temporal mechanisms to initiate or inhibit movement in response to temporally predictable and unpredictable sensory stimuli.
Temporal predictive code in motor system
We recently proposed that temporal aspects of movement initiation and inhibition follow the principle of the predictive code model [5, 6] . According to this model, the brain can extract temporal aspects of sensory stimuli to establish predictions about the timing of upcoming imperative signals, and these predictions are more robust and precise when temporal information is predictable. Specifically, we suggested that motor system may recruit distinct functional mechanisms to initiate/inhibit movement in response to temporally predictable vs. unpredictable sensory stimuli [6] . The notion of a temporal predictive code in motor system is supported by findings in a recent study showing that different cortical regions of the brain within the parietal lobe are involved in processing temporally predictable vs. unpredictable intervals [17] . This latter study suggested that for temporally predictable intervals, the brain can extract temporal information from sensory stimuli and establish temporal expectancy about the timing of upcoming imperative signals. Temporally unpredictable intervals, however, are supported by the hazard function in which the probability of the upcoming imperative signal increases as time elapses, leading to slower and less precise motor responses.
Aging effects on temporal aspects of movement production
Temporal predictive coding mechanisms in the motor system are mainly studied in younger adults [2, 3, 7, 14, 16, 20] , and the effect of aging on these mechanisms has remained relatively unclear. Studies have found that as individuals age, they show increasing difficulties in processing of temporal information at sensory [29, 30] and motor levels [31] [32] [33] . Older adults are slower than younger adults during motor reaction time tasks [8, 19] . This slower reaction time in older adults may be attributed to a slower central processing, which can subsequently decelerate movement production reaction time [34] . Alternatively, this effect can also be accounted for by a specific abnormality in temporal information processing in older adults [29, [35] [36] [37] . Older adults have also been reported to make more errors than younger adults during the performance of time perceptionrelated tasks [36] . Specifically, older adults are shown to overestimate temporal intervals suggesting their difficulty in processing temporal information for sensory stimuli [35] . It has been suggested that motor timing and time perception are subserved by common neural networks in motor cortex [38] , so that slower reaction times in older adults might be due to a general decline in temporal processing for movement production.
While studies have shown abnormal temporal processing older individuals, it is not fully understood how aging can affect temporal predictive coding mechanisms in the motor system. It has been demonstrated that older adults are significantly slower than younger adults in hand movement initiation during both fixed and variable FPs, suggesting agerelated decline in temporal predictive code mechanisms limb motor system [8] . Moreover, older adults have been shown to fail to use explicit temporal cues to accelerate hand movement reaction time during short FPs, while younger subjects responded faster than older adults and used temporal cues to facilitate hand movement initiation [37] . In contrast, a recent study [39] has found that both older and younger adults can benefit from explicit temporal cues during short FPs to accelerate hand movement reaction times. Therefore, findings on temporal predictive mechanisms in older adults do not conform a consistent framework across different studies and it is not fully understood how aging may influence temporal processing mechanisms in the human motor system.
Study objectives
Although previous studies have provided some insights into age-related changes of temporal processing mechanisms during movement production [8, 37, 39] , our understanding of how aging can influence these mechanisms has been limited by two factors. First, previous studies on the effects of aging on temporal aspects of movement production have been limited to comparing older and younger adults only during hand movement [8, 37, 39] . Therefore, it is still unclear whether temporal aspects of speech production are similarly or differently affected by aging. Second, the effect of aging on temporal aspects of movement production has been studied during hand movement initiation [8, 37, 39] , and less is known about aging effects on these mechanisms during movement inhibition for speech production and hand movement.
The present study was motivated by the question of how aging would influence the temporal predictive coding mechanisms in the motor system during initiation and inhibition of speech production and hand movement. We designed an experiment in which both younger and older adults performed a randomized speech (vowel vocalization) or hand (button press) motor response reaction time task in two counterbalanced blocks with temporally predictable and unpredictable visual stimuli. The visual stimuli were presented to cue the subjects to first initiate and then inhibit the ongoing motor action during speech or hand movement tasks, with either fixed or randomized time intervals during predictable and unpredictable blocks, respectively. We used motor reaction time as a behavioral index of temporal information processing during speech production and hand movement. This novel experimental design provided a unified framework to simultaneously examine the effects of temporal predictability on initiation and inhibition of speech production and hand movement in both younger and older adults, and to examine aging effects on these temporal information processing mechanisms. We hypothesized that the motor reaction time would be slower in older compared with younger adults in both speech production and hand movement. However, due to the absence of empirical evidence on the effects temporal predictability, and initiation vs. inhibition motor tasks, we took an exploratory approach to determine the effects of these factors in our data analyses.
Materials and methods

Subjects
A total of 15 young (7 males and 8 females, age range 20-30 years, mean 22.6) and 15 older subjects (8 males and 7 females, age range 50-73 years, mean 63.8) participated in this study. Subjects reported no history of psychiatric or neurological conditions and they had no history of speech or hearing impairment. All subjects also had normal or corrected vision. Handedness of subjects was obtained using the Edinburgh handedness inventory; and all were right handed (score range 72-100). All study procedures, including recruitment, data acquisition, and informed consent were approved by the University of South Carolina Institutional Review Board, and subjects were monetarily compensated for their participation.
Experimental design
The experiment was conducted in a sound attenuated booth in which subjects performed the experimental tasks. The experiment consisted of two random-order tasks that involved initiation and inhibition of speech and hand movement. Subjects were instructed to prepare to perform one of the above motor tasks (speech or hand) following the onset of a relevant visual cue on the screen (Fig. 1) . During each task, subjects were instructed to prepare for the cued movement and start pressing a button or vocalizing a steady vowel sound /a/ after a circle (go signal) appeared on the screen and stop after the circle disappeared (Fig. 1 ). Subjects were seated in a comfortable chair directly in front of the computer screen at a distance of about 15-20 inches to easily see the presented visual cues. The background of the screen was black and the visual cues appeared as white circles 1.5 inches in diameter.
We designed two counterbalanced blocks within which subjects performed the speech and hand movement tasks in a randomized order: (1) temporally predictable block, in which there was a fixed time interval of 1500 ms between the onset of the Visual Cue and Go signal, as well as the Go and Stop signals, and (2) temporally unpredictable block in which the time internal between the Visual Cue and Go signal, as well as the Go and Stop signals, was randomized between 1000 and 2000 ms. During each block, a total number of 220 trials were collected, with approximately 110 trials for speech and hand movement initiation and inhibition. The inter-trial-interval (ITI) was 2-3 s in each block and subjects took a 5-min break between the two blocks. All the experimental parameters, including Visual Cues, Go, and Stop signals and the time intervals between them were controlled by a custom-made program implemented in max 5.0 (Cycling '74, San Francisco, CA). Additionally, timing within trials (T) and order of trials (speech and hand) were controlled by the Max program. Subjects' responses including vowel sound vocalizations and button presses were recorded on a laboratory computer for the analysis of the reaction time. The speech signal was recorded through a head-mounted AKG condenser microphone (model C520) amplified by a Motu Ultralite-MK3 module. In each block, subjects were instructed to prepare to vocalize the steady vowel /a/ or press a button after a circle (go signal) appeared on the screen and stop after it disappeared. In this figure, T indicates the time interval between "Preparation" and "Go", and the time interval between "Go" and "Stop" cues in either vocalization or button press task.
For the predictable block, T was fixed at 1500 ms (T1), whereas for the unpredictable block, T was randomized between 1000 and 2000 ms (T2). ITI represents the inter-trial-interval which was about 2-3 s for both predictable and unpredictable conditions
Reaction time analysis
For each subject, measures of reaction time were obtained for both predictable and unpredictable blocks (speech and hand initiation and inhibition). The reaction time for each condition was extracted using a custom-made MAT-LAB code by calculating the time difference between the onset of the go and stop visual cues and the initiation and inhibition of speech and hand movements, respectively. A repeated measure ANOVA was performed to examine effects of group (younger vs. older adults), timing (predictable vs. unpredictable), modality (speech vs. hand) and task (initiation vs. inhibition) as well as their interaction on reaction time measures. The alpha level was 0.05 and post hoc tests were corrected using Bonferroni correction for multiple comparisons.
Results
The results of the ANOVA yielded significant main effects of group [F (1, 28) Fig. 2a ). Moreover, the task effect showed two-way interactions with modality and task [F (1, 28) Fig. 2b ; Table 1 ).
As mentioned above, the significant group by timing interaction indicated that the older adults were slower than the younger only when sensory stimuli were temporally unpredictable regardless of the response modality and task. Therefore, we probed the association between the age and motor temporal processing using age as a scale variable. Given that there was no significant age by task or age by modality interactions in repeated-measures ANOVAs, the measures of motor reaction time were combined as a dependent variable across both tasks (initiation and inhibition) and response modalities (speech and hand), and age and stimulus timing were included as independent variables Fig. 2 a The group (old vs. young) by timing (predictable vs. unpredictable) interaction for the mean reaction time, indicating that older adults were slower than younger adults when stimulus timing was unpredictable. b Task (initiation vs. inhibition) by modality (speech vs. hand) interaction, indicating that movement initiation for speech was slower than hand irrespective of stimulus timing. In each panel, error bars show the standard error of the mean (SEM) for each experimental factor, separately of interest in our regression analysis. Results of this analysis yielded a significant timing by age interaction (β 0.58, p = 0.009). Then, we ran follow-up correlation analyses between the measures of reaction time and age for the predictable and unpredictable conditions, separately. The correlations were corrected for multiple comparisons using Bonferroni's method. The results confirmed that age was positively correlated with reaction time for the unpredictable [r(118) = 0.33, p < 0.0001], but not the predictable [r(118) = 0.09, p = 0.37] stimulus timing condition (Fig. 3) . The correlation between age and reaction time was significant even after the task and modality factors were partialed out for unpredictable [r(116) = 0.34, p < 0.0001], but not predictable [r(116) = 0.10, p = 0.28] condition. Finally, Levene's test was preformed to examine whether the significant correlation for unpredictable condition was because of inequality of variances between younger and older adults' reaction times. Results did not reveal a significant difference between variances for predictable [F (7,112) = 1.5, p = 0.16] and unpredictable [F (7,112) = 1.8, p = 0.10] conditions, indicating that significant correlation for temporally unpredictable stimuli was not accounted for by inequality of variances between younger and older adults' reaction times.
Discussion
The present study investigated how aging can affect motor reaction time in response to temporally predictable vs. unpredictable sensory stimuli during the initiation and inhibition of speech production and hand movement. We found that in general, motor reaction time was faster in response to temporally predictable vs. unpredictable sensory stimuli, irrespective of movement modality (speech vs. hand) and task (initiation vs. inhibition). However, our data showed that aging had a significant effect on motor response reaction time for temporally predictable vs. unpredictable sensory stimuli. While younger and older adults did not significantly differ in their responses to temporally predictable sensory stimuli, older adults were slower compared to younger adults in response to temporally unpredictable sensory stimuli, regardless of task and response modality. In addition, movement inhibition reaction time was faster than that for initiation, and this task effect was modality-specific. Finally, we found that participants' age was positively correlated with movement reaction time only in response to temporally unpredictable stimuli. The finding that older and younger adults' reaction time was not significantly different for predictable stimuli is consistent with data from a previous studies by Chauvin et al. [39] in which it has been shown that older adults can use temporal cues to accelerate their motor response reaction time. In contrast, data from a study by Vallesi et al. [8] showed that older adults were slower than younger adults in response to temporally predictable stimuli. This inconsistency with respect to motor responses to predictable intervals might be in part due to the timing intervals that were used in Vallesi et al.'s study [8] in which they included short and long intervals for both predictable and unpredictable blocks. We argue that using mixed length intervals for predictable stimuli may have decreased the predictability effect of sensory stimuli in Vallesi et al.'s study [8] , which was systematically different from the fixed intervals used in the present study.
Our results have suggested that the motor mechanisms of temporal predictive code are relatively spared for initiation and inhibition of speech and hand movements when stimulus timing is predictable. However, we found that movement Fig. 3 Correlation plots between the measures of reaction time and age overlaid across movement initiation and inhibition tasks in both speech and hand modalities. Correlations plots are demonstrated for a temporally predictable, and b temporally unpredictable stimuli, separately production was significantly slower in older compared with younger adults specifically in response to temporally unpredictable sensory stimuli. In addition, the significant correlation between individuals' age and their motor reaction time in response to unpredictable stimuli confirms that movement reaction times for sensory stimuli with unpredictable timing increases as people age. This correlation, along with slower reaction times for older adults during unpredictable timing, provides new insights into temporally specific age-related deficits in movement production mechanisms for initiation and inhibition of speech and hand motor responses.
The older adults' slower motor reaction times for temporally unpredictable stimuli may be discussed in the context of temporal expectancy and the hazard function [17] . It has been suggested that the brain uses a hazard function to process temporally unpredictable intervals, whereas temporal expectancy supports the processing of predictable intervals [17] . Based on our findings, we suggest that aging is associated with decline of the hazard function, which can consequently lead to less precise estimates about the timing of upcoming imperative signals for movement initiation and inhibition during unpredictable timing. In contrast, temporal expectancy mechanisms are preserved for movement production in aging, suggesting that similar to younger adults, older subjects can use temporally predictable information to establish expectancy about the timing of an upcoming imperative signal and accelerate their motor response reaction time.
The finding that younger adults were faster than older adults in response to temporally unpredictable speech stimuli may reflect age-related changes in processing of complex sensory-motor stimuli. Older adults may experience increased difficulties in processing temporal information during a complex and more cognitively demanding sensory-motor task compared with younger adults, partially due to their limitation in allocation of neural resources during information processing for stimuli with unpredictable temporal patterns [40, 41] . In this study, we used a fixed timing for temporally predictable stimuli during the motor reaction time task and this enabled subjects to establish a stronger temporal expectancy about the timing of the upcoming imperative signal. In contrast, timing variability in the unpredictable condition may have resulted in an increase in the level of complexity for temporal information processing, leading to diminished cognitive and sensorimotor performance in older adults compared with their younger counterparts.
We also found that hand movement initiation was faster than speech initiation regardless of timing and aging group. This supports our previous findings that in general, hand movement is executed with faster motor reaction time compared with that during speech production [5, 6] .
We suggest that this effect is accounted for by the difference in complexity of the executed motor task in speech vs. hand modality [42] . Our data suggest that due to the inherent complexity of speech production compared with hand movement, speech initiation requires activation and coordination of a large group of muscles (e.g., respiration, larynx, and articulation) at different levels of the speech subsystem compared to a less complex motor task for hand movement during button press [6] .
Conclusion
In summary, our findings revealed that temporal predictive mechanisms in motor system are more prominently affected by aging in response sensory stimuli that follow a temporally unpredictable vs. predictable pattern. However, we found that for temporally predictable stimuli, movement production mechanisms are relatively spared in older adults compared with their younger counterparts. These findings provide new insights into the effects of aging the temporal aspects of information processing for movement production. Future studies are warranted to promote our understanding of other possible age-related effects on the underlying mechanisms involved in temporal information processing for speech production and hand movement.
